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HIGHLIGHTS 


•  Spinel  LiMn204  in-situ  coated  with 
graphene-like  membrane  is  prepared 
successfully. 

•  Graphene-like  membrane  is  coated 
on  surface  of  particle,  without 
affecting  crystal  structure. 

•  Graphene-like  membrane  improves 
the  electrochemistry  performance  of 
spinel  LiMn204. 

•  Graphene-like  membrane  does  not 
influence  the  insertion  and  desertion 
of  Li+. 

•  Improved  electrochemical  perfor¬ 
mance  is  attributed  to  in-situ  coating 
of  graphene-like  membrane. 
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In  recent  years,  modifying  cathode  materials’  surfaces  become  a  popular  pursuit.  This  paper  reveals  a 
novel  spinel  LiMn204  in  situ  coated  with  graphene-like  membrane  prepared  using  liquid- 
polyacrylonitrile  (LPAN)  as  the  carbon  source.  The  structure  and  electrochemical  performance  of 
graphene-like  membrane-coated  spinel  LiMn204  are  investigated  systematically.  The  membrane  has  a 
typical  graphene-like  layer  carbon  structure  that  can  be  applied  the  LiMn204  particles’  surfaces  in  situ 
without  affecting  their  crystal  structure.  Moreover,  the  graphene-like  membrane  helps  to  increase  the 
particle  size.  The  electrochemical  performance  reveals  that  coating  the  graphene-like  membrane  in  situ 
significantly  improves  the  discharge  capacity  and  cycling  stability  of  the  spinel  LiMn204.  In  particular,  the 
spinel  LiMn204  coated  with  a  calcined  20  wt%  LPAN  graphene-like  membrane  in  situ  reached 
131.1  mAh  g-1  at  room  temperature,  and  up  to  96%  capacity  is  retained  after  50  cycles  at  0.1  C.  The  cyclic 
voltammetry  and  electrochemical  impedance  spectra  analyses  indicate  that  the  graphene-like  mem¬ 
brane  does  not  influence  the  insertion  or  desertion  of  Li+.  The  improved  electrochemical  performance  is 
attributed  to  the  decreased  manganese  dissolution  in  the  electrolyte  and  the  smaller  charge  transfer 
resistance  generated  by  the  graphene-like  membrane  coating. 

©  2013  Elsevier  B.V.  All  rights  reserved. 
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(LIB)  due  to  their  low  cost,  fast  charge-discharge  reactions,  high 
coulombic  efficiency  and  non-toxicity  compared  to  the  LiCo02 
cathode  materials  currently  used  [1—3].  However,  the  common 
spinel  LiMn204  exhibits  poor  cycling  behaviour  because  its  capacity 
decreases.  The  factors  might  influencing  performance  include  the 
dissolution  of  Mn2+,  the  Jahn— Teller  distortion  of  Mn3+  and  elec¬ 
trolyte  solution  decomposition  on  the  electrode  [1].  In  addition  to 
modifying  the  preparation  techniques  and  doping  [4,5],  surface 
modification  improves  the  discharge  capacity  and  the  capacity 
retention  of  spinel  LiMn204.  Because  the  treating  the  spinel 
LiMn204  surfaces  reduces  the  surface  area,  the  side  reactions  be¬ 
tween  the  electrode  and  electrolyte,  as  well  as  the  Mn  dissolution, 
decrease  during  cycling. 

In  recent  years,  modifying  cathode  materials’  surfaces  has 
become  a  popular  pursuit  among  academic  and  industrial  scien¬ 
tists.  Numerous  investigations  have  utilised  surface  modification  to 
improve  the  electrochemical  performance  of  spinel  LiMn204  [6,7]. 
The  reported  surface  coatings  include  oxides,  metal  phosphates, 
metals,  electrode  materials,  fluoride  materials,  carbon  materials 
and  other  novel  materials  [1].  In  particular,  the  carbon  coating 
enhances  the  electrical  conductivity  of  metal  oxides  and  increases 
their  ability  to  absorb  organic  molecules  [1,6,7].  For  example,  Han 
et  al.  utilised  a  novel  soft  chemical  route  to  apply  a  carbon  coating 
to  spinel  LiMn204  electrode  materials;  the  carbon  coating  improved 
the  electrode  performance  due  to  increased  grain  connectivity  and/ 
or  by  protecting  the  manganese  oxide  from  chemical  corrosion  [8]. 
Akkisetty  et  al.  reported  a  carbon-coated  Li2MnSi04/C  composite 
synthesised  in  situ  using  a  nanocomposite  gel  precursor  alongside  a 
carbon  source  (starch).  The  carbon  coating  facilitated  electron 
movement,  and  the  cathode  materials  demonstrated  outstanding 
initial  charge  and  discharge  capacities  (330  and  195  mAh  g-1, 
respectively)  at  0.05  C  [9  .  Most  recently,  Tang  et  al.  generated  a 
novel  LiMn204  material  with  small  amounts  of  enwrapped  carbon 
nanotube  (CNT)  segments.  They  reported  the  LiMn204/CNT  com¬ 
posite  cathode  materials  exhibited  excellent  high-rate  capability  in 
an  aqueous  electrolyte  [10].  Therefore,  carbon  coating  is  an  effec¬ 
tive  method  for  improving  the  discharge  capacity  and  the  capacity 
retention  of  spinel  LiMn204. 

Graphene  is  another  promising  carbon  source  due  to  its 
outstanding  electronic  behaviours,  amazing  mechanical  properties 
and  high  surface  area  and  has  become  more  popular  in  recent  years 
[11].  The  cycling  stability  and  the  rate  performance  may  be 
improved  when  electrode  materials  are  coated  or  wrapped  with 
graphene  [12].  To  date,  many  cathode  materials,  including  LiFeP04/ 
C  composite  [13],  thin  LiMnPCU  nanoplates  [14],  Li3V2(P04)3  [15], 
LiFeP04  [16]  and  Li[Li0.2Mno.i3Coo.i3]02  [17],  reportedly  exhibit 
improved  capacity  and  cycling  stability  after  coating  with  gra¬ 
phene.  Several  reports  detail  about  graphene-based  LiMn204  ma¬ 
terials.  For  example,  Zhang  et  al.  reported  a  facile  method  for 
preparing  a  nano-architectured  lithium  manganate/graphene 
hybrid  to  act  as  a  positive  electrode  that  could  buffer  the  Jahn- 
Teller  effect  [18].  Jo  et  al.  also  reported  a  remarkable  enhancement 
in  the  electrode  performance  of  nanocrystalline  LiMn204  after 
solvothermally  assisted  immobilisation  on  reduced  graphene  oxide 
nanosheets  [19].  However,  these  graphene-based  LiMn204  usually 
generate  a  hybrid  or  composite  with  graphene  and  LiMn204.  Fewer 
reports  describe  coating  spinel  LiMn204  cathode  materials  with 
graphene  in  situ.  Applying  a  graphene  coating  in  situ  may  improve 
the  electrochemical  performance  of  spinel  LiMn204. 

However,  graphene  is  generally  prepared  from  graphite  via 
exfoliation,  and  its  two-dimensional  sheet  structure  resists  at¬ 
tempts  to  wrap  the  particle  surface  of  the  cathode  materials  tightly. 
Moreover,  the  manufacture  procedure  for  graphene  is  complex  and 
expensive,  which  limits  further  applications  in  LIB.  Therefore, 
graphene-like  coatings  or  quasi-graphenes  have  been  developed 


and  proposed  for  use  in  advanced  LIB  [20-22].  However,  to  our 
knowledge,  spinel  LiMn204  materials  coated  with  graphene-like 
membranes  in  situ  have  not  been  disclosed.  Due  to  the  actions  of 
carbon  and  graphene  coatings  mentioned  above,  the  cathode  ma¬ 
terials  containing  spinel  LiMn204  coated  with  graphene-like 
membranes  in  situ  should  exhibit  improved  discharge  capacity 
and  the  capacity  retention. 

Recently,  to  improve  LIB,  we  constructed  a  novel  graphene-like 
membrane  using  liquid-polyacrylonitrile  (LPAN)  as  the  carbon 
source  23,24] .  The  membrane  exhibits  a  carbon  layer  structure  and 
electronic  behaviours  similar  to  graphene;  this  membrane  may  be 
prepared  and  modified  easily.  In  this  study,  we  hypothesised  that 
the  pristine  LiMn204  particles  could  be  coated  with  a  very  thin 
graphene-like  layer  in  situ  using  LPAN  as  the  carbon  source.  LPAN 
carbonisation  on  the  particle  surface  forms  an  electrical  network 
within  the  secondary  particle.  In  this  paper,  we  describe  new 
findings  regarding  graphene-like  coatings  and  their  improvements 
on  the  electrochemical  performance  of  spinel  LiMn204  cathode 
materials  that  were  determined  through  detailed  structural  anal¬ 
ysis  and  electrochemical  characterisations. 

2.  Experiment 

2.1.  Synthesis 

Li2C03  (98%,  Aldrich)  and  Mn02  (98%,  Fluka)  were  used  as  the 
starting  materials.  The  mixed  compound  was  ground  in  a  planetary 
ball  mill  in  a  1:4  ratio  of  n(Li2C03):n(Mn02).  The  LiMn204  com¬ 
pounds  were  prepared  using  a  solid-state  ball  milling  method 
[25,26].  Afterwards,  the  200  mesh  LiMn204  compounds  were 
mixed  proportionally  with  LPAN  and  absolute  ethanol.  The  mixed 
sample  was  ground  again  for  10  h  at  400  r  min-1.  The  milled  sample 
was  dried  in  a  65  °C  oven  to  evaporate  the  absolute  ethanol  before 
being  dried  at  220  °C  for  3  h  to  sufficiently  pre-oxidise  the  LPAN 
precursor.  Finally,  the  pre-oxidised  precursor  was  heated  in  air  for 
10  h  at  750  °C  in  a  muffle  furnace;  the  final  product  was  obtained 
after  gradual  cooling  to  room  temperature. 

2.2.  Structure  characterisation 

The  precursor’s  thermal  decomposition  behaviour  was  exam¬ 
ined  using  thermo-gravimetric  analysis  (TGA).  X-ray  diffraction 
(XRD)  experiments  were  performed  on  a  D8  advance  diffractom¬ 
eter  (Bruker,  Germany)  equipped  with  a  Cu  target,  an  X-ray  tube 
and  a  diffracted  beam  monochromator.  The  profile  refinements  of 
the  collected  data  were  conducted  using  the  MDI  Jade  program. 
Raman  spectra  were  measured  with  a  Renishaw  Invia  Raman  mi¬ 
croscope  (English)  using  non-polarised  radiation  at  514.5  nm.  X-ray 
photoelectron  spectroscopy  (XPS)  data  were  collected  with  an 
ESCALab220i-XL  electron  spectrometer  from  VG  Scientific  using 
300  W  AlKa  radiation.  The  binding  energies  were  referenced  to  the 
Cls  line  at  284.8  eV  attributed  to  adventitious  carbon.  The  XPS 
electron  binding-energy  scale  was  calibrated  using  the  kinetic  en¬ 
ergy  positions  of  the  most  prominent  copper,  silver,  and  gold 
photoemission  lines.  The  experiments  were  performed  in  two 
connected  ultrahigh  vacuum  (UHV)  systems  with  base  pressures  of 
5  x  10-10  mbar  or  better.  The  morphology  of  the  powder  samples 
was  examined  using  Scanning  Electron  Microscopy  (SEM,  Hitachi, 
Japan)  and  high  resolution  transmission  electron  microscopy 
(HR-TEM). 

2.3.  Electrochemical  characterisation 

To  prepare  the  electrodes,  the  powders  were  mixed  with  acet¬ 
ylene  black  and  polyvinylidene  difluoride  powder  (binder)  at  a  ratio 
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of  80:10:10  in  N-methyl-2-pyrrolidinone  (NMP).  After  affixing  the 
mixture  to  Al  foil,  the  electrodes  were  dried:  the  NMP  was  removed 
at  80  °C  over  2  h  in  air,  and  further  drying  occurred  at  110  °C  under 
vacuum  for  6  h.  The  electrodes  were  tested  in  laboratory  glass  cells 
using  Li  metal  foil  as  a  counter  electrode.  The  electrolyte  contained 
1  M  LiPFg  (Lithium  hexafluorophosphate)  in  a  1:1  mixture  (v/v)  of 
DMC  (dimethylcarbonate)  and  EC  (ethylene  carbonate).  The  as¬ 
sembly  of  the  2032  type  coin  cells  was  carried  out  in  an  Ar-filled 
glove  box.  The  cells  were  discharged  and  charged  at  25  °C  at 
14.8  mAh  g-1  between  3.0  and  4.5  V.  The  galvanostatic  charge- 
discharge  test  was  conducted  using  a  Land  CT2001 A  testing  system. 
The  electrochemical  measurements  were  performed  using  a 
SL1260  electrochemical  station.  The  electrochemical  impedance 
spectra  (EIS)  measurements  were  measured  using  a  Solatron  1260 
Impedance  Analyser  from  105  to  5  mHz.  All  experiments  were 
conducted  at  room  temperature. 

3.  Results  and  discussion 

Before  investigating  the  cathode  materials,  the  precursor 
mixture  of  Li2C03  and  Mn02  and  the  graphene-like  membrane 
were  first  investigated  using  TGA,  TEM,  Raman  and  XRD.  Fig.  1(a) 
presents  the  precursor’s  TGA-DTG  curves.  The  precursor  obviously 
displays  three  important  weight  losses.  The  initial  endothermic 
peak  (1 )  occurred  from  100  to  200  °C,  exhibiting  a  ca.8  wt%  weight 
loss  attributed  to  the  adsorbed  water.  The  second,  sharper  endo¬ 
thermic  peak  (2)  appeared  at  200-400  °C  with  a  8  wt%  weight  loss. 


This  peak  was  attributed  to  the  thermal  decomposition  of  mixed 
carbonates.  A  considerable  amount  of  C02  was  continuously  liber¬ 
ated  during  this  stage.  Finally,  the  third  endothermic  peak  (3) 
occurred  between  400  and  950  °C  with  a  2  wt%  weight  loss.  This 
last  stage  weight  loss  was  due  to  thermal  decomposition  of  carbon 
(LPAN).  Afterwards,  only  a  small  amount  of  weight  was  lost,  and  the 
TG  curve  became  smooth  and  flat,  indicating  that  a  stable  complex 
had  formed  above  400  °C.  Consequently,  to  prepare  a  stable  oxide 
containing  mixed  transition  metals  such  as  LiMn204,  the  precursor 
must  be  calcined  above  400  °C.  Therefore,  the  LiMn204  and  the 
graphene-like  membrane-coated  LiMn2C>4  were  all  treated  above 
400  °C  during  this  experiment. 

LPAN  has  been  widely  used  to  prepare  carbon  materials, 
including  carbon  nanotubes  and  fibres  [27,28].  During  this  experi¬ 
ment,  the  LPAN  was  used  to  form  a  graphene-like  coating.  The 
morphology  and  structure  of  the  graphene-like  membrane  was 
investigated  first.  Fig.  1(b)— (d)  presents  the  HR-TEM  images, 
Raman-spectra  and  XRD  patterns  for  the  graphene-like  membrane 
calcined  from  LPAN.  Fig.  1(b)  reveals  a  very  thin  layer  with 
graphene-like  layer  structure,  as  captured  by  the  HR-TEM.  In  the 
Raman  spectra  (see  Fig.  1(c))  of  the  graphene-like  membrane  from 
pure  LPAN,  there  were  two  strong  peaks  at  1347  cm-1  and 
1591  cm-1  and  two  weak  peaks  at  2694  cm-1  and  2950  cm-1.  These 
signals  are  characteristic  peaks  for  carbon  structures.  Among  these 
peaks,  1347  cm-1  was  the  D  peak  and  was  attributed  to  the  first- 
order  zone  boundary  phonons.  G  peak  was  at  1591  cm-1  and 
generated  by  in-plane  optical  vibrations;  2694  cm-1  is  the  2D  peak 


Fig.  1.  (a)  TGA-DTG  curves  of  precursor;  (b)  HR-TEM  image,  (c)  Raman-spectra,  (d)  XRD  pattern  for  the  graphene-like  membrane  calcined  from  pure  LPAN. 
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caused  by  the  second-order  zone  boundary  phonons.  This  structure 
was  very  similar  to  that  of  graphene  [29].  Moreover,  the  XRD  of  the 
graphene-like  membrane  also  revealed  its  amorphous  structure. 
Therefore,  the  graphene-like  membrane  was  confirmed  to  have  a 
typical  graphene-like  layered  carbon  structure  that  could  be  used 
to  modify  the  surface  of  cathode  materials,  as  discussed  above. 

According  to  the  analysis  of  the  precursor  and  the  graphene-like 
membrane,  the  spinel  LiMn204  cathode  materials  coated  with  the 
graphene-like  membrane  were  prepared  at  different  calcination 
temperatures  and  with  different  LPAN  contents  to  optimise  the 
preparation  conditions  and  composition.  The  SEM  images  and  XRD 
patterns  for  the  20  wt%  LPAN-coated  LiMn204  at  different  calcina¬ 
tion  temperature  reveal  that  LiMn204  calcined  at  750  °C  forms  the 
most  stable  and  complete  spinel  crystal  structure  (see  Supporting 
information  Fig.  A  and  Fig.  B).  Subsequently,  the  LPAN  content 
was  studied.  Fig.  2  displays  the  XRD  patterns  of  LiMn204  calcined  at 
750  °C  coated  in  situ  with  graphene-like  membranes  with  various 
LPAN  contents.  All  of  the  diffraction  peaks  corresponded  to  a  spinel 
structure  and  agreed  with  those  of  the  standard  spinel  LiMn204 
(PDF:  35-0782).  Though  the  relative  XRD  intensities  in  the  LiMn204 
sintered  with  the  30  wt%  LPAN  were  much  stronger,  the  XRD  pat¬ 
terns  of  the  powders  sintered  with  different  LPAN  content  were 
similar  to  those  of  the  pure  spinel  LiMn204.  Therefore,  the 
graphene-like  membrane  and  the  LPAN  content  did  not  influence 
the  spinel  structure  formation  in  LiMn204,  possibly  because  the 
graphene-like  coating  was  an  amorphous  carbon  structure  formed 
only  on  the  particles’  surfaces.  This  structure  should  differ  from  the 
previous  graphene-LiMn204  composites  or  hybrids  [18]. 

The  graphene-like  membrane  coating  and  its  influence  may  be 
assessed  further  using  the  XPS  spectra.  Fig.  3  provides  the  XPS  data 
for  the  LiMn204  calcined  at  750  °C  coated  with  a  graphene-like 
membrane  with  various  LPAN  contents.  The  fitting  curves  from 
the  Cls  spectrum  are  provided  in  the  supporting  information  (see 
Supporting  information  Fig.  C).  In  this  experiment,  all  XPS  spectra 
were  measured  using  powder  affixed  to  double-sided  adhesive 
tape.  Consequently,  the  Cls  peaks  for  the  double-sided  adhesive 
tape  were  also  measured  in  all  samples.  In  the  pure  LiMn204,  a  peak 
at  approximately  292  eV  was  attributed  to  the  Ols  binding  energy, 
while  the  Cls  of  C-0  bond  tended  to  appear  above  288  eV.  These 
peaks  should  be  from  the  double-sided  adhesive  tape.  In  addition  to 
these  peaks,  a  new  Cls  peak  appeared  at  approximately  287.4- 
287.6  eV  in  the  20  wt%  LPAN-coated  and  30  wt%  LPAN-coated 
LiMn204  (see  Supporting  information  Fig.  C).  This  new  peak 
should  be  from  the  LPAN-derived  graphene-like  membrane 
because  the  binding  energy  of  the  C  1  s  for  the  C-C  in  a  graphene- 
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Fig.  2.  XRD  patterns  of  LiMn204  calcined  at  750  °C  coated  in  situ  with  graphene-like 
membranes  with  various  LPAN  contents  compared  to  the  pristine. 
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Fig.  3.  XPS  data  for  the  LiMn204  calcined  at  750  °C  coated  with  a  graphene-like 
membrane  with  various  LPAN  contents  compared  to  the  pristine. 


like  membrane  is  generally  lower  than  that  for  the  C— 0.  Moreover, 
the  peak  intensities  in  the  Cls  spectrum  increased  with  the  LPAN 
content.  In  contrast,  the  peak  intensities  in  the  Mn  2p3  spectrum 
decreased  with  the  LPAN  content  due  to  the  increased  amount  of 
coating  or  LPAN  content;  the  binding  energy  of  Mn  2p3  remained 
unchanged.  Therefore,  the  graphene-like  membrane  was 
confirmed  to  have  formed  only  on  the  surface  of  particles  and  did 
not  disrupt  the  original  structure. 

The  morphology  of  the  LiMn204  coated  with  a  graphene-like 
membrane  was  investigated  using  SEM  and  EDS.  The  SEM  images 
of  LiMn204  calcined  using  20  wt%  LPAN  at  different  temperatures 
are  provided  in  Supporting  information.  The  SEM  images  of 
LiMn204  calcined  from  20  wt%  LPAN  at  different  temperatures 
indicate  that  high  calcination  temperatures  significantly  improved 
the  particle  size  (see  Supporting  information  Fig.  B).  However,  the 
high  temperature  calcination  generated  some  unnecessary  crys¬ 
talline  structures.  Therefore,  the  optimal  calcination  temperature 
was  750  °C.  During  this  experiment,  we  mainly  studied  the 
morphology  of  LiMn204  coated  with  the  graphene-like  membrane 
in  situ  and  calcined  at  750  °C.  Fig.  4(a)— (d)  presents  the  SEM  images 
for  the  LiMn204  coated  with  the  graphene-like  membrane  in  situ 
and  calcined  at  750  °C  with  various  LPAN  contents.  The  LiMn204 
morphology  becomes  increasingly  uniform  and  the  particle  size 
grows  as  the  LPAN  content  increases.  Therefore,  the  graphene-like 
membrane  facilitates  the  spinel  LiMn204  particle  growth,  possibly 
because  the  LPAN  improves  the  agglomeration  of  particles  before 
the  calcination,  forming  larger  particles  during  the  heat  treatment. 
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The  graphene-like  membrane  was  difficult  to  detect  in  the  SEM 
image,  possibly  because  it  coated  the  LiMn204  surface.  In  the  EDS 
image  (see  Fig.  4(e)),  there  was  a  C  element  in  addition  to  the  Li,  Mn 
and  O  signals.  Therefore,  the  LPAN  formed  a  layered  carbon  struc¬ 
ture  during  the  calcination  step,  and  the  carbon  layer  exists  as  part 
of  the  LiMn204  morphology. 

TEM  is  a  good  method  to  assess  the  coating  of  particles  in  situ. 
Fig.  5  reveals  the  HR-TEM  images  for  the  LiMn204  coated  with 
graphene-like  membrane  (20  wt%  LPAN)  calcined  at  750  °C.  The 
layers  were  ca.3  nm  thick  and  coated  onto  the  bare  LiMn204  surface 
(see  Fig.  5(c)).  The  coated  sample  was  crystalline,  with  lattice  fringes 
extending  to  the  grain  boundary.  For  instance,  the  distances  be¬ 
tween  the  neighbouring  lattice  fringes  were  approximately 
0.476  nm  and  0.249  nm,  corresponding  corresponds  to  the  d-spacing 
of  the  (111)  and  (311)  planes,  respectively,  in  the  Li-Mn-0  spinel 
phase.  The  electron  diffraction  pattern  also  reveals  that  there  are 
clear  crystalline  spinel  LiMn204  lattices  under  the  coating  (see 


Fig.  5(d)).  These  crystal  lattices  agreed  with  the  XRD  pattern  dis¬ 
cussed  above.  The  as-prepared  graphene-like  membrane  was  suc¬ 
cessfully  coated  on  the  spinel  LiMn204  surface  in  situ.  This  graphene¬ 
like  membrane-coated  spinel  LiMn204  cathode  material  may  exhibit 
improved  electrochemistry  performance. 

The  electrochemical  properties  of  the  graphene-like  membrane- 
coated  spinel  LiMn204  were  systematically  investigated  using  their 
charge/discharge  capacity  and  cycling  stability.  Fig.  6(a)  displays 
the  initial  charge-discharge  curves  for  the  LIB  cells  cycled  at  0.1  C 
between  3.0  and  4.4  V,  and  their  discharge  capacities  as  a  function 
of  their  cycle  numbers  are  presented  in  Fig.  6(b).  The  cycling  sta¬ 
bility  curves  for  LiMn204  with  different  proportions  of  LPAN 
calcined  at  different  temperatures  are  also  provided  in  the  sup¬ 
porting  information  (see  Supporting  information  Fig.  D).  From  the 
cycling  stability  curves  of  the  LiMn204  calcined  at  different  tem¬ 
peratures,  the  cathode  materials  calcined  at  750  °C  demonstrated 
the  best  electrochemical  properties  (see  Supporting  information 
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Fig.  4.  (a-d)  SEM  images  for  the  LiMn204  coated  with  the  graphene-like  membrane  in  situ  and  calcined  at  750  °C  with  various  LPAN  contents  (a  -  10  wt%;  b  -  20  wt%;  c  -  30  wt%; 
d  -  40  wt%);  (e)  EDS  of  20  wt%  LPAN-coated  LiMn204. 
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Fig.  5.  HR-TEM  images  (a— c)  and  electron  diffraction  pattern  (d)  for  the  LiMn204  coated  with  graphene-like  membrane  (20  wt%  LPAN)  calcined  at  750  °C. 


Fig.  D).  In  addition,  Fig.  6(a)  indicates  that  all  cells  made  from 
material  calcined  at  750  °C  exhibited  charge  and  discharge  profiles 
similar  to  pure  LiMn204.  Both  the  charge  and  discharge  curves 
exhibited  two  pseudoplateaus  at  approximately  4.0  and  4.1  V.  This 
electrochemical  behaviour  is  typical  of  spinel  LiMn204  and  in¬ 
dicates  that  the  insertion  and  extraction  of  Li+  occurs  in  two  stages. 
The  voltage  plateau  at  approximately  4.0  V  arose  from  the  Li+ 
removal  from  half  of  the  tetrahedral  sites  where  Li — Li  interactions 
occur.  The  second  voltage  plateau  appeared  at  approximately  4.1  V 
and  was  attributed  to  the  removal  of  Li+  from  the  tetrahedral  sites 
without  Li — Li  interactions  [12].  Therefore,  the  graphene-like 
membrane  did  not  influence  the  charge— discharge  process,  nor 
did  it  prevent  the  insertion  and  desertion  of  Li+.  In  addition, 
Fig.  6(b)  reveals  that  the  cathode  material  made  of  spinel  LiMn204 
coated  with  a  graphene-like  membrane  in  situ  demonstrate 
improved  discharge  capacity  and  better  cyclability  relative  to  the 
pure  spinel  LiMn204.  In  particular,  when  the  LPAN  content  was 
increased  to  20  wt%,  good  discharge  capacity  and  cyclability  were 
obtained.  The  first  discharge  capacity  was  131.1  mAh  g-1,  and  the 
capacity  was  125.3  mAh  g-1  after  50  cycles,  retaining  96%  of  the 
original  values.  When  the  LPAN  content  was  40  wt%,  the  first 
discharge  capacity  as  increased  to  above  132  mAh  g-1,  but  the  cycle 
retention  was  decreased  after  30cycles.  Furthermore,  the  C-rate 
dependence  of  the  discharge  capacity  (see  Supporting  information 
Fig.  F)  also  indicated  that  the  20  wt%  LPAN  graphene-like  mem¬ 
brane  displayed  a  better  C-rate  discharge  capacity.  The  20  wt% 
LPAN-coated  graphene-like  membrane  did  not  exhibit  a  higher 
discharge  capacity,  but  the  electrochemical  performance  reveal 
that  coating  spinel  LiMn204  with  a  graphene-like  membrane  in  situ 
improved  the  discharge  capacity  and  cycling  stability  of  a  LIB 
significantly. 

To  understand  the  effect  of  the  graphene-like  membrane  on  the 
coated  spinel  LiMn204  cathode  materials,  cyclic  voltammetry  tests 
were  conducted  on  both  the  pure  and  graphene-like  membrane- 


coated  spinel  LiMn204  cathode  materials  at  0.2  mV  s-1  from  3.0  to 
4.4  V  at  25  °C.  Fig.  7  displays  the  CV  curves  for  the  20  wt%  LPAN- 
coated  LiMn204  alongside  the  pure  LiMn204  between  3.0  and 
4.4  V.  Both  the  pure  and  graphene-like  membrane-coated  LiMn204 
cathode  materials  exhibited  similar  charge  and  discharge  profiles. 
During  the  charging  process,  two  oxidation  peaks  were  observed  in 
the  CV  curves.  The  first  peak  appeared  at  4.1  V,  revealing  the  change 
from  LiMn204  to  Lio.5Mn204;  the  second  peak  appeared  at  4.2  V, 
corresponding  to  the  change  from  Li0.5Mn2O4  to  Mn204.  Flowever, 
during  the  discharge  process,  there  were  also  two  reduction  peaks. 
The  first  peak  appeared  at  4.08  V  and  the  second  peak  appeared  at 
3.91  V.  These  peaks  were  attributed  to  the  changes  from  Mn204  to 
Lio.5Mn204)  and  from  Lio.sMn204  to  LiMn204,  respectively.  This 
process  was  consistent  with  the  known  mechanism  for  the  elec¬ 
trochemical  insertion/extraction  of  Li  in  LiMn204  cathode  materials 
[11].  These  data  confirmed  that  the  graphene-like  membrane  did 
not  influence  the  insertion  or  desertion  of  Li+.  Flowever,  the  current 
density  improved  significantly  for  the  graphene-like  membrane- 
coated  LiMn204  cathode  materials  relative  to  the  pure  LiMn204 
cathode  materials.  Therefore,  the  graphene-like  membrane  facili¬ 
tated  the  electron  movement,  similar  to  the  carbon  coatings 
mentioned  above.  The  coating  improved  the  charge-discharge 
capacity,  as  discussed  above,  and  was  consistent  with  the  initial 
charge-discharge  analysis. 

Fig.  8  reveals  the  EIS  of  the  graphene-like  membrane-coated 
LiMn204  materials  with  various  LPAN  contents.  Compared  to  the 
pure  LiMn204,  the  graphene-like  membrane-coated  LiMn204 
exhibited  a  smaller  charge  transfer  resistance  (Rc t),  while  the  Rct 
increased  slightly  during  the  insertion  and  extraction  of  Li+.  The  Rc t 
might  have  increased  because  the  graphene-like  membrane  favours 
the  alleviation  of  manganese  dissolution  and  the  precipitation  of 
resistive  components,  such  as  LiF  and  MnF2;  these  resistive  com¬ 
ponents  arose  from  decomposed  LiPF6  electrolyte  and  the  LiMn204 
corroded  by  HF  during  cycling  [30].  The  smaller  Rct  favoured  the 
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Fig.  8.  EIS  of  the  graphene-like  membrane-coated  LiMn204  materials  with  various 
LPAN  contents  (a  -  0  wt%,  b  -  10  wt%,  c  -  20  wt%,  d  -  30  wt%). 
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Fig.  6.  Initial  charge-discharge  curves  (a)  and  cycling  stability  curves  (b)  for  the  LIB 
cells  made  from  the  LiMn204  in-situ  coated  with  graphene-like  membrane  compared 
to  the  pristine. 
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Fig.  7.  CV  curves  of  20  wt%  LPAN-coated  LiMn204  compared  to  the  pristine  between 
3.0  V  and  4.4  V. 


rapid  electrochemical  reactions  and  might  improve  the  electro¬ 
chemical  performance  of  the  active  materials.  In  particular,  because 
the  smallest  Rct  was  measured  for  the  20  wt%  LPAN-coated  LiMn204, 
those  cathode  materials  exhibited  better  electrochemical  perfor¬ 
mance  than  the  pure  LiM^CU.  This  result  was  validated  by  the  ca¬ 
pacity  and  stability  analyses  discussed  above.  However,  the  Rct  grew 
when  the  LPAN  content  increased  to  30  wt%.  Therefore,  excess  LPAN 
might  thicken  the  coating  layer,  hindering  the  Li+  migration. 
Therefore,  adding  the  graphene-like  membrane  improved  the 
electrochemical  performance  of  spinel  LiM^CH  cathode  materials. 

4.  Conclusions 

A  novel  spinel  LiM^CH  coated  with  a  graphene-like  membrane 
in  situ  was  prepared  using  LPAN  as  the  carbon  source.  The  structure 
and  electrochemical  performance  of  the  graphene-like  membrane- 
coated  spinel  LiMn204  was  systematically  investigated.  The 
graphene-like  membrane  had  a  typical  graphene-like  layered  car¬ 
bon  structure  that  could  be  generated  in  situ  on  the  surface  of 
LiMn204  particles  without  affecting  their  crystal  structure.  More¬ 
over,  the  graphene-like  membrane  helps  increase  the  particle  size. 
The  electrochemical  performance  also  revealed  that  the  graphene¬ 
like  membrane  significantly  improved  the  discharge  capacity  and 
cycling  stability  of  spinel  LiM^CU.  In  particular,  the  coated  LiM^CH 
with  20  wt%  LPAN  reached  131.1  mAh  g-1  at  room  temperature, 
while  up  to  96%  of  the  capacity  was  retained  after  50  cycles  at  0.1  C. 
The  CV  and  EIS  analyses  also  demonstrated  that  the  graphene-like 
membrane  did  not  influence  the  insertion  or  desertion  of  Li+.  The 
improved  electrochemical  performance  of  the  graphene-like 
membrane-coated  LiMn204  was  attributed  to  the  decreased 
amount  of  manganese  dissolved  in  the  electrolyte  and  the  smaller 
charge  transfer  resistance  generated  by  the  graphene-like  mem¬ 
brane  coating. 
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